INTRODUCTION
This investigation was concerned with the collection of data by a systematic procedure for the purpose of evaluating the variability present in the manufacture of portland cement concrete for highway pavements. The data were analyzed to provide information concerning the magnitude of the variance components for the Bureau of Public Roads' data system and to provide information and illustrate procedures for the establishment of a quality control program that could be used by the Indiana State Highway Commission.
Over the years many specifications have been evolved through trial and error without reference to the actual variability of the product or process. In theory it is possible to improve the product by narrowing the specification limits, but if the process Itself is incapable of operating within those limits then they are of little use. It is, as has been stated, one of the aims of this Investigation to obtain estimates of the variability associated with the manufacturing of fresh portland cement concrete for highway pavement.
Specification requirements are of little use unless some means of testing and control are exerted. With estimates of the variability at hand, it is possible to develop a quality control program based on a thorough understanding of the capabilities of the process. Also, it is possible to establish a realistic system and schedule of acceptance tests, number of samples, etc.
The construction of a highway may be likened to an industrial manufacturing process. There is a manufactured product, the highway, and like industrial production there is a need to control the quality of the product. This need arises from the desire of the manufacturer, the contractor, to produce a product for the purchaser, the State, in the most economical manner possible while meeting the specifications for the product. The purchaser in turn is interested in seeing that he obtains a quality product.
Statistical quality control provides a means whereby a manufacturer can derive maximum benefit from control testing of the manufactured product. The basic concepts are applicable whether the product tie piston rings or highway pavements. inherent in statistical analyses is the ability to make estimates of population parameters from sample statistics and to associate with these estimates of the probability of being in error.
Using statistical quality control procedures, a manufacturing process can be investigated to detennine the range in values that one can expect under existing conditions. This information is valuable to the producer and to the purchaser. It can be used not only in determining compliance with specifications but also to judge whether the construction or manufacturing process is capable of producing the product within them.
If existing specifications are unrealistic with respect to an end result or are economically unattainable, quality control data can provide a basis for the development of revised standards.
OUTLINE OF WORK
Plastic Portland cement concrete was chosen as the area of investigation. The specific area was limited to concrete paving projects under contract in Indiana. and tests for air content, slump and unit weight were made on the concrete. Air content was determined using both the pressure type air meter and the Chace air meter. These tests were conducted by a research team from Purdue University and all tests were made independent of Indiana State Highway Commission control tests.
Three paving projects were selected in cooperation with the Indiana State Highway Commission, with each project performed by a different contractor.
The projects were chosen on the basis of their geographic location in the state and the paving schedules of the contractors.
Three replicate determinations of each attribute (slump, air content and unit weight) were made on fifty samples obtained on each project.
Hence for this investigation I50 individual tests were performed for each test method on all projects for a total of k^O observations over the three projects. The replicate determinations were selected rather than two samples tested twice from each location because of the time Involved in making a test and the number of different tests being performed.
On each paving project sampling began at the start of paving operations for any one day by the random selection of a batch and then continued throughout the day at time intervals dictated by the time required for each set-up. It is considered that this provided a random procedure that eliminated bias in the sampling procedure. The time for each set-up varied considerably because of variations in the distance from sampling point, and ease of movement of equipment. A typical set-up from start to finish required approximately one hour. With the equipment and vehicle in order, job sites were selected.
As mentioned previously, each site selected was selected on the basis of geographic location in the state and on the basis of their paving schedules.
(Since the testing program was limited to the summer months of 196^only sites with paving in progress were considered). As soon as a site was selected, a team of operators went to the site to begin the testing program. The teams consisted of two men for the first site and a part of the second but was expanded to three men for the remainder of the second site and all of the third. The tv^o persons doing the actual testing were never changed, and they performed the same tests throughout the whole research project. Operator A performed the slump and unit weight tests while Operator B performed both types of air content tests.
The site was surveyed to determine where and how to begin the testing program. Also, pertinent information was obtained concerning the mix design, sources and types of materials, any correction factors and other data needed for the testing.
The testing of a single sample of concrete required anywhere from 30 minutes to an hour and fifteen minutes from start of sampling to final cleanup. Four different tests were performed in triplicate on each sample so there was little time to waste before the concrete would begin to stiffen. After some experience, this procedure became a highly efficient operation.
All the testing was performed on the right sids of the forms in the direction of pouring, the dual-drum pavers and auxiliary equipment were located on the median side and a set-up there would mean disturbing the concreting operations. The one guiding principal was to stay completely out of the way of the paving operations. Working on the right shoulder created one problem in that this was where the contractor normally laid out his steel. In some cases this meant a longer distance from sampling point to where the equipment was set or, where the subbase was especially wide, working to the right of the steel.
The set-up for the testing was placed as «:lose to the forms as was possible without Interference. The set-up took about 5 In the development of a quality control program it is necessary to obtain data from a process which is "in control," that is, from a process in which the variability is due to chance causes alone and not to assignable causes. From observations in the field, such as noting obvious errors in air-entraining agent content, water content, etc. it can be said that at certain times a portion of the variability noted in the present investigation was due to assignable errors. For this reason a one-way analysis of variance was conducted for each site separately in addition to the factorial analysis.
In certain of the analyses it was noted that the magnitude of the variance components differed from site to site. Analyzing the data for each site separately allows the computation of these variance components and makes it possible to compare the magnitude of the components from site to site. A factorial analysis averages the variances from the three sites and hence if at one or two sites the process is out of control, there is no estimate available for the variance of an in control process.
In fact the factorial analysis is invalid if the variances are not homogeneous (i.e., variances are not statistically equal).
The factorial analyses have been included in this report for the purpose of illustrating this type of statistical procedure. If other variables such as operator or equipment were included in an investigation the factorial design model could be used in the analysis of the data.
It should be noted that operators and testing equipment were not considered as variables in this investigation. Only one operator and one piece of testing equipment was used throughout the investigation for each test method. This necessarily limits the interpretation of the data.
The values of standard deviations and confidence limits cannot be applied directly to a project on which several operators and several pieces of testing equipment are used.
As a sample was tested in the field for air content by the pressure meter, a time dependency was observed. This led to testing the differences between replicates and calculation of the correlation coefficient associated with the third pressure replicate versus the sample mean of the Chace tests. Results of this phase of the investigation will be discussed in a later section.
The test results were also used to illustrate techniques and procedures that may be employed in a quality control program. Control 10 limits are illustrated in the section on Quality Control.
For simplicity and ease in handling the large amount of data, a discussion of each test method will be presented separately. Sections concerning correlations and quality control applications follow. A summary of a portion of the basic statistical results is presented in the Appendix.
Field Observations
Dual-drum pavers were used on Sites 1 and 3 while a central mix plant was in operation on Site 2. These were quite different sets of conditions depending on the type of paving operation being employed. The basic difference between the sites was the method of mixing with all other operations being essentially the same.
Each method of paving had its own characteristics of control with respect to frequency of adjustment. Quite often with the dual -drum pavers the water valve was adjusted and readjusted to allow more or less water into each batch. This yielded many batches that were alternately wet or dry. This variability in water content per batch was due also to the use of dry and wet batches of aggregate.
In the central mix project there were fewer adjustments. The plant was started up and checked at the start of the project but then almost complete reliance was placed on the automatic features of the plant. Thus, there was less checking and less control of the concrete. The major problem was control of air content. By the time a low air content was noticed and a message relayed to the plant to make the necessary changes, many concrete trucks were either dumping or already on their way to the grade with their 8 cubic yards of concrete. There was a large lag-time between catching a low air reading and effecting a correction. This was an unfortunate characteristic of the operation.
It was noticed that the less the paving operation is changed, the more constant the concrete product. : § This was quite evident at Site 3 v>7here very few adjustments were made in the way of water content, air entraining agent or batch changes. This fact is substantiated by the statistical analysis. Site 3 l^as the best grouping of data and distribution of results.
Air Content by Pressure Meter
The analysis of variance, hereafter referred to as the ANOV, for the air content measured by pressure meter is presented in Table 1 . The sources of variation as determined by the factorial model are: site-to-site variation, sample-within-site variation and the error term. 
Air Content by Chace Meter
The ANOV for air content by Chace meter is similar to that for air content by pressure meter (see Table l ). The statistical sources of variation are the same as those associated with the pressure meter. A summary of results from the statistical analyses is presented in Table 2 .
It should be noted that air contents by the Chace meter were determined A histogram showing the distribution of air content by the Chace meter for all sites is presented in Figure 2 . The values plotted are sample means. This distribution does approach a normal distribution, but an interesting observation may be made. The figure shows three distinct small peaks. These peaks occur at the mean Chace air content for each site or if one were to locate the means of each site on Figure 2 , they would fall at each peak. This does not happen in the case of pressure meter results as Figure 1 clearly shows. The pressure meter distribution is nearer to a normal distribution. The distribution for Chace is more disperse, thus showing its higher variability as indicated by the higher standard deviation calculated for sample means.
From In the analysis of the pressure meter data 95'/^confidence limits were determined to be X _ O.S'Jb (Table 1) . If one were to compare the three sites in an effort to check dispersion of data, Site 3 stands out as being more consistent than the other two sites. This is true because there were few adjustments made in the air entraining agent and also less changing of the water content. Site 2 shows a sort of "sinusoidal" shape indicating trends which were not immediate but occurred over a number of samples. A plot of the pressure air content data also substantiates this. Site 2 was a central mix project and this operation had difficulties with its air dispenser which resulted in the distribution indicated. Site 2 also has the greatest amount of dispersion of the three sites.
As in the pressure meter analysis, a one-way ANOV was conducted, and the results are summarized in Table 3 « Again observable differences occur in the MS and standard deviation terms from site to site. As in the pressure method analysis, the within Sample Means Square term for Site 1 is at least twice that of Sites 2 and 3 which are very nearly equal.
Slump Test
The ANOV for the slump test is similar to that in Table 1 . The sources of variation (site-to-site variation, sample-within-site and error terms) are the same used for the two air content tests. Table 2 gives a summary of the statistical analysis of the slump phase of this investigation for the factorial model.
The F-test indicates that at a 0.05 a -level the site-to-site variation is not significant but the sample-within-site variation is. This is what would be expected in light of the characteristics of the slump test. The slump test is a measure of water content and therefore will vary as the water content varies. The more one changes the adjustment on the water indicator of a mixer the more the slump should change.
In the light of this, one would expect Site 2, the central mix project, to show the least variation in slump which it does. Both the dual-drum paver sites show more spread in slump than Site 2.
In the central mix operation there were relatively few changes in water content compared to the operations using dual-drum pavers.
The distribution of slump for all sites is presented in Figure 3 »
The values therein plotted are sample means. The histogram shows a close grouping of data which is a tight, almost normal, distribution. The overall mean of the slump is, for all practical purposes, three inches.
There is a slight tendency for each site to approximate a normal distribution which becomer more pronobnced when all three sites are lumped in Figure 3 As in the previous analyses, a one-v;ay ANOV was performed on the slump data for each site and a summary of these results are presented in 
Unit Weight
The distribution of unit weight from all sites is presented in 2k and the error term were the components of variation. Noting the site means and comparing these with the histogram it can be seen that the three peaks in the overall distribution correspond very closely to the three site means. Evidently changes in materials from site to site cause a definite and obvious shift in the individual site distributions that Is reflected in the overall distribution.
A summary of the results from the statistical analysis is presented in This shows that there is a great deal of variability involved in the perfoirmance of this test. This wide range might be due to variation of air content, water content of concrete or the amount of stiffness allowed to occur before testing. The longer the concrete is allowed to set, the more difficult it will be to compact it into the yield bucket. This also may lead to large voids of entrapped air in the stiffening concrete.
As in the analysis of the other three test methods, a one-way ANOV was performed on the unit weight data and a summary of the results are tabulated in Table 3 . Site 2 exhibits a greater variability than do Sites 1 and 5 • This is consistent with the observations made on the results of the analysis of air content data and is what would be expected since variations in air content cause the unit weight to vary accordingly.
Correlations
With the amount of data available and since the tests for air, slump and unit weight were made on the same sample it was considered advantageous to obtain information regarding correlations between the tests. Table h (see Appendix) presents a summary of this work.
Significant correlations were found between the pressure meter air content test and the Chace meter air content test as well as with unit weight.
Since both the pressure meter and the Chace meter measure air content and the air content influences the unit weight of this concrete, these significant correlations were expected. Also, there was a correlation between air content measured by the pressure test and slump, however, the correlation coefficient is not large. The correlation between air content by Chace meter and slump is not significant.
The correlation coefficients presented are the "r" values and even though significant correlations do exist there is a large amount of scatter. The predictability is relatively poor in a number of the correlations.
The correlation between air content measured by the Chace meter and unit weight is highly significant. This is in agreement with the significant correlation between air content by the pressure meter and unit weight previously noted. The correlation coefficients are negative indicating that as air content increases unit weight decreases. Both Chace air content vs. slump and slump vs. unit weight are not significant.
See Table 5 in the Appendix for tabulation of confidence limits on the correlation coefficients.
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Differences Bctr.^een Replicate Observations As mentioned before, a time dependency was observed when the air content was measured by the pressure meter. As a result, an analysis of the difference between replicate observations was performed. Table 6 presents a summary of this analysis. The differences between replicate 1 and replicate 2 is significant at the 0.05 a-level for all three sites. This is also true for the difference between replicate 1 and replicate 3« Replicate 2 and replicate 3 difference are not significant except in the case of Site 1 where the results are extremely close to the borderline.
These results indicate that signal change in air content occurred between the first and second replicate.
As a consequence of this finding, correlation analyses of the third pressure reading versus the mean of the Chace meter was made. The mean of the Chace was used since these air contents were taken immediately after the third pressure reading and the time involved for three Chace readings is small. The correlation coefficients for each site and over all three sites are shown in Table " J. A comparison of these coefficients with those of the mean pressure versus the mean Cliace show that a general trend to a lower coefficient for the case of third pressure versus the mean of the Chace meter reading. Considering the results of the analysis of differences, a higher correlation could be expected. One possible answer to the apparent contradiction is that the Chace meter air contents are measured to only the nearest one-half percent while the pressure meter readings are to the nearest one-tenth percent. A more realistic comparison might be to round the pressure meter readings to the nearest one-half percent and then make the analysis.
Basically the analysis of the differences indicates statistically significant changes in air content measured with the pressure meter as a function of time. However, the correlation of the third pressure meter reading with the mean of the Chace meter readings is inconclusive in this aspect of the analysis.
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QiaLITY CONTROL APPLICATIONS It is important to understand that a quality control system depends upon the data used to establish the system. Control procedures therefore are no better than the data used to establish them and it is obviously necessary to obtain this data in some manner. There are two approaches to this problem. One approach is to rely on past data, data collected by examining records of construction, etc. The other approach sets out to obtain the data required via a preliminary testing program.
There are several problems associated with using past data. One of the most obvious is lack of reliability. The possibility is always present that only test results that met specifications were recorded.
This situation may not arise out of desire to falsify records but rather from a conscientious effort to maintain good control in the field. For example, a situation may arise when something in the manufacturing process goes awry, an acceptance test is made which detects the error and appropriate steps are taken to correct the situation following which another test on the product is made and recorded. The testing has served its purpose, an error was detected and corrected, but only the last test result recorded .
For statistical evaluation of the process, the out-of-specification result Is just as important as the within specification result if a realistic estimate is to be made of the variation. For this reason the second method of obtaining the so called historical, or past data, is used when there is a scarcity of information or there is reason to suspect the past data. This investigation is of the second type and operated Independent of acceptance sampling.
It should be noted at this point that there are certain limitations associated with the results of this investigation. Only one operator and one piece of testing equipment were util ized for each test method conducted. There is, therefore, no estimate available of operator or equipment variability. It is a recognized fact that these variables may be significant. Another limitation arises from the fact that only three sites were checked and these were all interstate-type construction.
In f'he preceding section entitled Analysis of Data, the measures of central tendency and components of variability have been presented.
The problem is to now apply these results to establish a realistic quality control program that may be implemented and used in the field.
The typical data plot in Figure 5 shows the fluctuation of the sample means. The variability of the product, plastic portland cement concrete, is represented by these fluctuations. One method of quality control is to establish control limits based on the data at hand and to use these limits to "control the quality" on future jobs. It is of no practical value to place the calculated limits on the data plots of the sites investigated since the calculated limits are based on the measured variability of these sites and therefore practically all of the data would fall within these limits.
For purposes of illustration, a variation that is considered to be reasonable from analysis of the data will be used and the use of control limits demonstrated in the following pages. A point should be made here concerning the distribution of the sample means. It is possible that the population of sample means is not normally distributed and normality is one of the assumptions underlying the concepts of control limits. If subgroups of U or 5^^e used, the central limit theorem comes into play and the normalization effects is fairly strong. It is therefore better at times to use "moving means" in constructing control charts.
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There are basically three types of control charts that are of use in the application of statistical quality control to the manufacture of fresh portland cement concrete. These charts are the X-charts, R-chart and the a-chart. All three of these charts provide a graphic representation of variation from point to point (i.e., sample to sample). An objective of using one or a combination of these charts is to keep track of the process so that some type of corrective action may be taken whenever the process goes "out of control" or a trend toward the control limits, indicating the possibility that an assignable cause is adding to the variation.
In concept, the control limits form a band within which fluctuations in the measured values are due to random or chance variation in the process.
Observations which fall outside these limits more than a predetermined percentage of the time cannot be explained by chance causes alone and hence must be due to an assignable cause or a change occurring in the process. For example, having estimates of the components of variability associated with air content determinations, control limits may be computed and a control chart drawn. The air contents are plotted on the chart as the samples are tested during the manufacturing of the portland cement concrete. As the process proceeds, it may be noted that the air contents begin to decrease and fall outside the lower limit, hence, some assignable cause should be responsible for this change. A check of the process may show a defective dispenser, a change in sand gradation or some other recognizable cause that has resulted in the process going out of control.
When this cause has been identified and corrective action taken, the process should again come into control.
If specifications have been written so that maximum and minimum values are given which form a band narrower than control limits based on the inherent variability of the process, it will be impossible to manufacture a product that will be within the specification all of the time (the percentage outside will naturally depend upon specification limits and the known standard deviation).
To illustrate one use of control limits, moving means have been computed for the data and a plot is shown in Figure 5 « The moving means are averages of three sample means. The means of Samples 1,2 and 3 are averaged and this is the first "moving mean." Then sample means 2, 3 and k are averaged and this is the second moving mean. This is continued for sample means 3> '*• and 5^e tc., and a plot of the "moving mean" is obtained. The control limits determined from the assumed values of the components of variation are shown on the overlay sheets for the data plots. The 3-cf limits are in blue while the 95^l imits are not shown.
These limits are to be considered illustrative only since the variables of operator and equipment have not been evaluated.
With estimates of the components of variance available it is possible to take a critical look at present specifications. As mentioned previously, even though a process is "in control" if the variability of the process is high it may be incapable of producing a product always inside the specification limits. If this is the case, there are several possible avenues of action. The specifications should be examined to determine if the limits actually need to be as tight as they are. Also, the process itself should be examined to determine if any adjustments or changes are possible which will reduce the inherent variability of the process itself. This situation also points the way towards acceptance testing. A process may be operating "in control" and still have the product falling outside specifications. Operating "in control" does not insure that a product will meet specifications.
There are other ways of providing control procedures and one such method is to use tolerance limits. For example, if air content is desired to be between^-7^and the variance is known, then a range of means may be used. If the variation on a site is known and 3-cr limits determined to be 5.55^t 0.90^, then the average air content can be 5.5^t 0.60^for a process in control and the material will meet the specified lv-7^air content providing the process remains in control. Another approach is to specify a mean and allow a standard deviation range. For example, specify a mean of 5«5^» the standard deviation may then be less than or equal to 0.5^for 3-ct limits and the product will pass the U-7^specification limits. Tables can be set up for various means and various standard deviations, allowing a contractor operating with a known standard deviation a certain latitude in mean air content. The same may be accomplished by testing standard deviation and then stating that if a standard deviation of so much is occurring then the mean air content must be within certain limits for the product to meet specification limits. 
